Abstract-The paper analyzes network reliability and generator adequacy indicators using Monte Carlo simulation. The reliability indicators are analyzed for the eastern part of the Croatian transmission system and the influence of new combined cogeneration plants on the network reliability. All simulations were conducted with DIgSILENT PowerFactory software tool which uses two types of algorithms -state enumeration method and Monte Carlo simulation method. Firstly, two conditions of the transmission system were analyzed -the condition with the maximum and the condition with the minimum time varying load along with the comparison of the network reliability indicators. Then, new constructed combined-cogeneration plants connected at 400 kV busbars were compared to the combined-cogeneration plants of smaller size connected to the different point in the network at 110 kV busbars. Results were compared and analyses show that the option with three CCGT is better than option of one huge CCGT plant placed in Ernestinovo or Slavonski Brod.
I. INTRODUCTION
At the beginning of the electric power system reliability analysis, the methods of forming available source capacities, based on "Capacity outage tables" including the load duration curves, were used [1] . Their purpose was to analyze reliability indicators on hierarchical level 1 (HL I). The transmission network with power flows was included later on and it used Markov models of state space and analytical methods of defining the connection of network elements by the means of the minimal cut-set method and state enumeration methods [2] . The inclusion of power flows resulted in the real picture for the level of production with the transmission network on hierarchical level 2 (HL II). Finally, the distribution network and hierarchical level 3 (HL III) were included. Here, the systemic indicators for the whole network and the individual ones for customers and buses are defined [3] . This algorithm may be used as an additional criterion when choosing the best location to construct a new thermal power plant. Reliability indicators may have a significant influence even though they are not crucial. Some papers deal with the issue of reliability of some parts of a power system such as a power plant [4] .
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indicators by simulating the real process and stochastic system behavior. The method treats a problem as a series of linked experiments. Both analytical-state enumeration method [5] and simulation methods have advantages and disadvantages. Generally, provided complex operating conditions have not been taken into consideration and/or the probability of component outages are very low (e.g. if a system is very reliable), hence analytical techniques are more efficient [6] , [7] . However, if operating conditions are complex and/or the number of serious outages is high, it is better to use Monte Carlo simulation method. Monte Carlo simulation is the basic algorithm for many tools which analyze the transmission system reliability. Also, an additional technique can be used for the same purpose [8] - [10] . One of the known tools for this purpose is DIgSILENT PowerFactory which was used in this paper [11] .
II. ALGORITHM DESCRIPTION

Theoretical background
The most important parameter in the assessment of reliability is the mathematical expectation of the stated reliability indicator [6] , [7] . Therefore, the main features of Monte Carlo simulation method for the reliability assessment may be discussed from the point of view of expectation. If Q is the unavailability function of the system and if x i is "zero -one" indicator of the variable, then = 0 if the system is on = 1 if the system is off.
(
The assessment of unreliability or unavailability of the system is given by the equation
Where N is the number of system conditions samples. Then, the real variance of the sample equals
When the sample size is big enough, (3) may be approximated by the expression
Since x i is "zero -one" variable, it follows that
If one inserts (2) and (5) into (4), one gets
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It is important to notice that (2) provides only the assessment of system unreliability. The uncertainty of assessment may be measured by the variance of the expected assessment
The level of accuracy of Monte Carlo simulation may be expressed as a coefficient of variation defined as
Equation (7) may then be written as
This equation indicates two important facts. For a certain desirable accuracy level , the necessary number of samples N depends on the unreliability of the system but it is independent of the size of the system. Therefore, Monte Carlo method is appropriate for assessing the reliability of large systems. This is a significant advantage of the method in relation to analytic numerical techniques for the reliability assessment.
The unreliability (the probability of an outage) is in practical assessment of system reliability usually much smaller than 1, so it follows that
This means that the number of samples N is approximately inversely proportional to the unavailability of the system. In other words, in case of a very high reliable system, a huge number of samples is necessary to satisfy the stated accuracy level.
III. EFFICIENCY OF MONTE CARLO METHOD
Various techniques of Monte Carlo method may be used to solve the same problem. This includes different methods of generating random numbers, different approaches to sampling and different techniques of variance decrease. Therefore, it is sometimes necessary to compare the efficiency of various Monte Carlo methods. If we consider two Monte Carlo simulations used for the assessment of the same system and the expected assessment of the reliability indicators, resulting from the implementation of these two methods, we will get indicators which are statistically the same. t1 and t 2 represent the time of the calculation and 1 2 and 2 2 the variances of the reliability indicators for those two methods. If the ratio is
then the first method may be considered more efficient than the second. The efficiency of Monte Carlo method depends on the product of calculation time and assessment variance, meaning, it depends on the number of necessary samples. When conducting the reliability assessment of power systems using Monte Carlo method, the calculation time and variance are directly connected to the chosen sampling technique and the needs of the system analysis to be done. Furthermore, we will discuss the sampling techniques, including the methods of generating random number (or random variable), techniques of variance decrease and various approaches to sampling. The purpose of this system analysis is to judge whether the condition of the system is good or bad.
IV. CONVERGENCE FEATURES OF MONTE CARLO METHOD
A. Convergence Accuracy
Monte Carlo simulation creates an oscillating convergence process and we cannot be sure that a few samples will definitely mean fewer mistakes. Yet, it is correct that the connection of mistakes, i.e. the reliability range will decrease as the number of samples grows.
The variance of assessment expectation is given by (7) . Standard deviation of the assessment is then
This means that two measurements may be used to decrease the standard deviation in Monte Carlo simulation by increasing the number of samples and decreasing the variance of the sample. The technique of changing the variance may be used to improve the efficiency of Monte Carlo simulation. The variance may be decreased to zero, so it is always necessary to use a reasonable and big enough number of samples.
B. Convergence Criterion
The coefficient of variation shown in (8) is often used as a convergence criterion in Monte Carlo simulation. In the assessment of the power system reliability, different reliability indicators have different convergence speeds. It has been concluded that the coefficient of variation of the indicator EENS has the lowest convergence speed. This coefficient of variation should, therefore, be used as the convergence criterion in order to get reasonable accuracy when researching multiple indicators.
V. ANALYSIS OF THE TRANSMISSION NETWORK RELIABILITY
This paper analyzes the transmission network reliability of the Croatian Transmission System Operator in the eastern part of Croatia [11] . The transmission network includes all 110, 220 and 400 kV lines (overhead lines and cables). The transmission network is a part of the Croatian Power System which consists of substations, switchgears and aerial lines and cables. It is to be mentioned that only the eastern part of Power System, namely the transmission area Osijek, has a negative average rate of maximum load increase. In this paper, the transmission network (Fig. 1 ) of the transmission area Osijek which includes 400 kV, 220 kV, 110 kV lines as well as all switchgears is to be analyzed [12] . From the perspective of a transmission network, switchgears are nodes with connected loads which also are to be shaped in this reliability analysis. 
VI. RELIABILITY ANALYSIS FOR DIFFERENT LOADS
This paper analyzes the change of the network reliability indicators upon the change of a network load and upon the connection of new power plants. The analysis was done by using DIgSILENT PowerFactory which is a software tool for analyzing transmission system reliability. All data on individual network elements were taken from the report of the Croatian Transmission System Operator [13] . Usually, the information on a load at a monthly or, more often, at an annual basis is used to calculate the reliability of a power system. In this analysis, the information, i.e. loads of connection points and interconnection lines were chosen for a specific day. Two operating scenarios, for each load (maximum and minimum) were simulated in the program. The so-called load states were added to these scenarios. The load state is further used in the reliability assessment. The characteristics of the maximum and minimal loads are formed so that each of the twenty-four substations (loads) is assigned a characteristic of a one-dimensional vector which has related values in the period of one year.
Comparison of the Maximum and Minimum Load Reliability Indicators
When load states are set for the scenario of a maximum load, the reliability indicators are assessed, i.e. the reliability is assessed [7] . In the main menu of DIgSILENT program, one chooses Calculation  Reliability Assessment  Reliability Assessment. Firstly, one should make the assessment of the whole system (buses, lines, transformers) and then in the submenu Load Data choose the option Consider Load States, meaning that one should take into consideration load states (previously defined by characteristics). The corresponding reliability indicators for the maximum load are shown in Table 1 .
As is the case with the maximum load, firstly Load states are created. The procedure is the same, and when the "MIN Load" scenario is active, it implies the active characteristics of a minimum substation load and the characteristics of transmission lines which remain unchanged. Table I shows the results of the minimum loads.
Some indicators, like EIC and IEAR will not be taken into consideration because they are not of technical but of economic character. We will graphically present the availability for a network set in this way and when the maximum load is connected. CAIFI indicator is the same as SAIFI indicator and it shows a number of outages in a year but per affected customer, whereas SAIFI shows a number of system outages in general. This means that outages are calculated for each customer once. The reason why CAIFI and SAIFI are the same for certain scenarios is the fact that the simulation of analysis views customer outages and system outages in the same way.
SAIDI indicator represents the index of average duration of system outages and CAIDI index represents the average duration of customer outages. There is no difference in the duration of outages for both indicators when they are viewed from the perspective of different scenarios. The total average duration of system outages for both cases is around 16 minutes annually, and the total duration of customer outages is 7 minutes annually.
ASAI indicator is the index of average availability of power supply, i.e. in relation to one observed year, it shows how much electricity was supplied to the given customer. Theoretically, the coefficient may range between 0 and 1 but in both scenarios, the coefficient has approximately the same value.
ASUI indicator is an inverse value of ASAI index and it represents the index of average unavailability of power supply, so the value of this index is higher for the case of the maximum load.
ENS indicator is the index of undelivered energy and for the scenario of the maximum load, it amounts to 77,971 [MWh/a], which is more than for the scenario of the minimum load when it amounts at 40,171 [MWh/a].
AENS represents the index of averagely undelivered energy, i.e. averagely undelivered energy per customer in one year. Just like ENS indicator, this value is higher for the case of the maximum load and it is 3,249 [MWh/customer].
In case of the minimum load, it is twice as low and it amounts to 1,674 [MWh/customer].
ASIFI indicator is the index of average frequency of system outages. In case of the maximum load, this index (2,116,722 outages/year) is twice as high as in the case of the minimum load (1,105,200 outages/year) ASIDI indicator is the index of average duration of system outages. In case of the maximum load, this index (0,197542 hours/year) is twice as high as in the case of the minimum load (0,101775 outages/year).
Similarly, to ASIFI, ASIDI indicator, which represents the index of average duration of system outages, is higher in the case of the maximum load (0,197,542 hours/year) than in the case of the minimum load (0,101,775 hours/year).
The adequacy analyses (Fig. 2) , with no Power Plants connected to the grid, show deficit in electricity availability. It is apparent that the current electricity demand is higher than the total value of available generation capacities.
VII. RELIABILITY ANALYSIS FOR NEW POWER PLANTS IN
THE TRANSMISSION NETWORK This part of the paper will cover other reliability indicators, such as LOLP and EDNS and the availability for each simulation will be graphically presented. Since it is very difficult to calculate the indicators of reliability and availability of a power system as a whole, the system is divided into hierarchical levels of observation, such as generation, transmission and distribution. LOLP and EDNS indicators are calculated as a generator adequacy analysis with regard to the set stochastic model for generation in DIgSILENT. LOLP and EDNS are calculated according to the scenarios of the maximum load. Since ENS and AENS indicators almost double in the case of the maximum load, the analyses of reliability indicators' movements were calculated for that case. In this respect, the reliability indicators for the construction of three cogeneration facilities of lower power, like the reliability indicators in the case of construction of one cogeneration facility in different locations were calculated first.
Reliability and Adequacy with Connected Small Sized CCGT
Before starting the adequacy analysis, one must shape power flows in a transmission network with three small sized combined cogeneration plants (hereinafter CCGT). The power at buses, lines and transformers must be within stated limits 0.9 -1.1 p.u. The load of individual elements cannot exceed 95% of the maximum load. CCGTs are connected on three 110 kV buses via block transformers and lines (cables). The first power plant is connected to bus Brod 1, the second to bus Vinkovci 1 and the third to bus Vukovar. Technical data of CCGT units are shown in Table II The adequacy analysis for the case of connecting three smaller CCGTs, like for the case of connecting bigger unit, CCGTs is calculated in the scenarios of the maximum loads. To calculate the different adequacy indicators, it is necessary to define generator's condition, i.e. the stochastic model of generation, which shows how much time and which adequacy individual generators will work with. All generators of smaller power plants are with availability data presented in Table II. Condition under number 1, i.e. the condition in which a power plant is available with 0% of power, implies the time of an outage and overhaul in an observed year. The probabilities according to which the power plant operates with 71.5% of power and 100% power are given randomly, but basically, there is a much higher probability that the power plant will not operate with full power in the majority of cases. After setting all the necessary parameters, the generation adequacy analysis is conducted. When starting the simulation, system losses must be defined; in this model, they are set on a 3% level (the plan of plant maintenance taken into consideration as well as the characteristics of a system load in the maximum load scenario). The number of iterations necessary for calculation is set to 100,000 runs. The adequacy calculation defined that the probability of power lack, i.e. LOLP, in this case totals at 13.598% and the expected undelivered energy, i.e. EDNS is 10.738 MWh. It is visible that generation capacities will be sufficient to customers' demand 90% of the time (Fig. 3) .
In the case of ENS convergence, regarding the iteration number (Fig. 4) , there are practically no changes of ENS values after 50,000 iterations. In the case of LOLP calculation convergence (Fig. 5) , there are practically no changes of LOLP values after 50,000 iterations.
VIII. ADEQUACY ANALYSIS FROM CONNECTED CCGT BROD
Combined Cycle Gas Turbine (CCGT) plant Brod has a significantly higher rated capacity than the thermal power plants analyzed before. It is also connected to the 400 kV network junction. Although the reliability indicators for this unit are the same as the ones for the prior analyzed thermal power plants of lower rated capacity, the total reliability indicators for the observed network are much different. The following table contains technical data for the modelled thermal power plant. The adequacy calculation defined that the probability of power deficit, i.e. LOLP, in this case amounts to 17.188% (Fig. 6) , and the expected undelivered energy, i.e. EDNS, amounts to 42.645 MWh. It is visible that the generation capacities will be sufficient to customers' demand 77% of time.
IX. ADEQUACY ANALYSIS FROM CONNECTED CCGT ERNESTINOVO
This part simulates the construction of a combined gas and heat power plant of high power, which is connected to a 400-KV transformer substation Ernestinovo. Technical data for that thermal power plant are presented in the following table. The calculation of adequacy defined that the probability of power deficit, i.e. LOLP, in this case totals at 17.047% (Fig. 7) , and the expected undelivered energy, i.e. EDNS, totals at 42.196 MWh. It is apparent that the generation capacities will be sufficient to customers' demand 77% of time.
X. COMPARISON OF THE ADEQUACY ANALYSIS RESULTS
The following table presents the comparison of the results of generation adequacy simulation and undelivered electricity for different thermal power plants connected on various network junction points From the results, one may draw a conclusion that from the perspective of generation adequacy, there is the smallest Loss of Load Probability in the case of three units of 150 MW CCGTs. The reason for it lies in the fact that small power plants with their powers enter particular locations Slavonski Brod, Vinkovci and Vukovar. Bigger unit CCGTs enter in junction points Ernestinovo in one case and Slavonski Brod in another case at a higher voltage level, so it is "more difficult" to distribute electricity to customers.
XI. CONCLUSION
This paper analyzed the influence of new power plants in the transmission network pf transmission area in Easter Croatia on reliability indicators. It dealt with the cases including no power plants and their reflection on systemic and energetic indicators depending on the load. All indicators were better in the case of the minimum load, which is a logical result. In the second part, new power plants were introduced and their influence on the adequacy indicators was shown. From that point of view, the influence of smaller CCGTs is more favorable than the bigger one CCGT unit, which may clearly be seen from the comparison of the results. The probability of loss of load, LOLP is lower in the case of three smaller CCGTs than in the case of the bigger unit of CCGT Brod or CCGT Ernestinovo. Also, the expected undelivered energy, ENS is a few times smaller in the case of three small CCGTs. On the basis of these results, one may conclude that, from the point of view of reliability and adequacy, it is better to incorporate three smaller combined cogeneration power plants in the transmission network as new capacities. Of course, when choosing the location and rated power of the thermal power plant, it is necessary to analyze a whole range of other parameters, such as economical, ecological and others.
